Variation in the shape of the human face and in stature is determined by complex interactions between genetic and environmental influences. One such environmental influence is malnourishment, which can result in growth faltering, usually diagnosed by means of comparing an individual's stature with a set of age-appropriate standards. These standards for stature, however, are typically ascertained in groups where people are at low risk for growth faltering. Moreover, genetic differences among populations with respect to stature are well established, further complicating the generalizability of stature-based diagnostic tools. In a large sample of children aged 5-19 years, we obtained high-resolution genomic data, anthropometric measures and 3D facial images from individuals within and around the city of Mwanza, Tanzania. With genome-wide complex trait analysis, we partitioned genetic and environmental variance for growth outcomes and facial shape. We found that children with growth faltering have faces that look like those of older and taller children, in a direction opposite to the expected allometric trajectory, and in ways predicted by the environmental portion of covariance at the community and individual levels. The environmental variance for facial shape varied subtly but significantly among communities, whereas genetic differences were minimal. These results reveal that facial shape preserves information about exposure to undernourishment, with important implications for refining assessments of nutritional status in children and the developmental-genetics of craniofacial variation alike.
Introduction
Phenotypic variation reflects the complex interplay of the functions of many genes in an environmental context. The human face is no exception, as facial shape is the product of complex interactions among inherited genetic effects and environmental influences throughout individual life histories. Human craniofacial shape varies with both age (ontogenetic allometry) and size (static allometry; Vidarsdottir & O Higgins, 2003) . As with other phenotypic traits, growth itself is also determined by the interaction between genetic and environmental factors, with environmental factors, particularly undernutrition, causing growth falteringreduced growth relative to age (Bogin, 1999) . Growth faltering due to undernutrition has been associated with lifetime and even trans-generational health impacts, including cognitive delay, metabolic diseases and immune dysfunction (Dewey & Begum, 2011) , all of which influence health and economic development (UNICEF, 2009 ). This is particularly evident in developing countries, such as East African countries, where 42% of children under 5 years old are considered to be malnourished (de Onis et al. 2013 ). While it is well known that growth affects craniofacial shape, an important question remains what effect growth faltering has on craniofacial shape.
Growth faltering is assessed using international growth standards relating stature to age, such as WHO growth standards, developed using groups living under optimal environmental conditions (Borghi et al. 2006) . A problem with these standards is that stature is heritable. Therefore, it is possible for populations to differ from each other due to genetic rather than environmental differences. Geographic variation has been documented in stature-influencing genes in Europe (Turchin et al. 2012; Berg & Coop, 2014) . Such differences can confound the use of international growth standards to infer growth faltering in local populations.
Malnutrition, however, has general developmental effects and multiple morphological consequences (Gonzalez et al. 2011 (Gonzalez et al. , 2016 . A combination of multiple morphological indicators may better identify individuals who were malnourished during growth than using stature in isolation. If undernutrition affects facial morphology in a predictable way, then facial morphology in combination with stature or other growth outcomes can be used to improve assessment of undernutrition in children. If facial shape varies with growth faltering, then shape deviations in the direction of this effect relative to stature provide additional information about growth status. Further, if facial shape varies in ways that are not entirely bound to stature and the developmental processes that underlie this growth are perturbed by undernutrition, facial morphology could provide a more generally applicable set of indicators than stature alone. Such a relationship would allow assessment of facial morphology in relation to stature in bioarchaeological studies, for which determination of nutrition is often a key concern (Buikstra & Ubelaker, 1994) .
To date, the relationship between growth faltering due to undernutrition and craniofacial development and facial shape has only been confirmed in mice (Gonzalez et al. 2016) . In the present study, we explore the interaction of growth faltering and facial shape in children from northwestern Tanzania, a country with one of the highest rates of stunting -growth outcomes that fall more than two standard deviations below international growth standardworldwide (Black et al. 2013; de Onis, 2013) . Using genomic data, growth outcomes and 3D facial images from children aged 5-19 years, we tested the hypothesis that growth faltering results in predictable facial shape effects that are attributable to environmental rather than genetic variation.
Materials and methods

Setting and study populations
We analysed cross-sectional data for height, weight, head circumference (HC) and body mass index (BMI) in children from the Mwanza region in Tanzania (Fig. 1) . Between 2010 and 2014, we obtained anthropometrics and 3D facial photogrammetry for 6300 children aged 5-19 years ( Fig. 2) at 26 schools in the Mwanza District. We obtained genomic data for 3605 individuals using the Illumina 2.5M+Exome SNP array. All three kinds of data were available for 2978 children. Within this sample, we analysed the 5844 children whose parents were both reported to belong to local Bantu-language groups.
We obtained various indicators of environmental differences among schools. These indicators were based on direct observation, discussions with school principals and data from the Tanzanian government. These variables are described in Table 1 .
Investigators met with teachers and local leaders to explain the research. Consent forms, in Swahili, were provided 2 days prior to data collection. Ethics approval is by the University of Calgary (CHREB ID: 23033 and 21741) and the Tanzania National Institute of Medical Research (ID: HQ/R.8A/Vol and HQ/R.8A/Vol I.107). This population does not exhibit significant genetic structure by school with a median fixation index (F ST ) across pair-wise samples of 0.0005 (Cole et al. 2016) . However, there is potential for environmental variation among schools. With one exception, schools draw students exclusively from their surrounding community. The only exception is St Mary's, a private school that draws fairly high socioeconomic status students from across Mwanza. The communities from which the schools draw range from urban to rural, and in economic setting from wage-earners to subsistence farmers. While individual family histories were not obtained, a study of mobility patterns within the neighbouring Kagera regions shows that about 80% of families stayed within the same or neighbouring communities over a 13-year period before 2010 (Beegle et al. 2011) .
Anthropometrics
Weight was measured with a medical scale (Beurer BG64), height with a portable anthropometer (Seca 217), and HC with a measuring tape taken to maximize circumference from the forehead to the nuchal region above the ears. All measurements were repeated. Participants were measured without shoes wearing light clothing. Ages were self-reported.
3D facial imaging
Children were photographed using Creaform MegaCapturor II or Gemini white light 3D photogrammetry systems. Each child was imaged twice at four angles. The best images were reconstructed and assembled to produce a 3D facial surface. Landmarks were obtained via automated landmarking as described previously (Cole et al. 2016 Li et al. 2017 ).
Analysis of growth faltering
We used CDC growth standards (Dean et al. 2011 ) to calculate sex-based stature-for-age and BMI-for-age z-scores to assess growth of children 5-19 years old. CDC growth standards are intended to represent growth under close to ideal conditions (Kuczmarski et al. 2002) . The standards for children aged 5-19 years are based primarily on US health survey data. For HC, z-scores were based on a US reference (Rollins et al. 2010 ). This standard is based on a North American population of mixed ancestry (56% African American, 39% European), and provides a more conservative assessment of faltering than previous standards (Roche et al. 1987) . There are no growth standards for East African children at close to optimal growth conditions.
For most analyses, we treat growth faltering as a continuous variable as this preserves statistical power. Statistical analyses were performed in R (www.r-project.org). Individuals with z-scores AE 5 were identified as outliers. Given the non-linear relationship between z-scores and age, we normalized to age using a polynomial fit. To obtain an overall measure of growth faltering, we performed principal components analysis (PCA) of the z-score data for height, weight and HC. The first component (PC1), which explains 81% of the variation among these three growth variables, was used as a summary measure of growth outcomes.
To determine whether variation in growth outcomes among school is associated with differences in the local environments, we associated variation in the first PC1 of growth outcomes with variation in available environmental variables. These variables are not intended to provide a complete explanation of the causes of variation in growth faltering among the communities included in this study. However, they can provide evidence that there is environmental variation among the communities that correlates with growth outcomes. Here, we performed an analysis of variance for the first PC of growth outcomes by all environmental variables and their interactions. Further, we analysed the full set of environmental indicators using the approach of Filmer & Pritchett (2001) in which the categorical variables are broken down into binary alternatives, represented as 0s and 1s, and then subjected to a PCA. Using mean values by school, we then examined the correlation between the first PC of growth outcomes and the first PC of the environmental variables. In this test, school rather than the individual is the unit of analysis.
Analysis of facial shape
We used geometric morphometric methods to determine the relationship between growth outcomes and facial shape. Landmark data were first corrected for reconstruction artefacts and differences between cameras. To quantify the association of growth variables to craniofacial shape, we used multiple multivariate regressions in R (Geomorph; Adams et al. 2014) . To compare groups with or without covariates, we used linear models as implemented in Geomorph in R (Adams et al. 2014) . Sex was included as a factor in all analyses as there are small but significant differences among male and female children of all ages (Rosas & Bastir, 2002; Bulygina et al. 2006 ).
Calculation of environmental variance
We determined genotypic values and environmental deviations for facial shape using genome-wide complex trait analysis (GCTA; Yang et al. 2011) . With imputation, 16 million SNPs were used to calculate two genetic relationship matrices (GRMs). Using best linear unbiased prediction to estimate the corresponding variance components, the first matrix captures genetic effects of For the facial landmarks, we symmetrized the landmark data and estimated the genetic variances and covariances between the pair-wise landmark combinations using the two GRMs. This results in pair-wise estimates of the genetic variances and covariance by x-, y-and z-coordinate of each landmark. These matrices were then used to calculate principal components and principal component scores for each individual as well as the full set of genotypic values and environmental deviations for each landmark coordinate.
Results
Variation among communities
We compared growth outcomes among schools. School age compositions varied (ANOVA, df = 26/6504, F = 32, P < 2 9 Table 3 The mean height-for-age and BMI-for-age z-scores based on the CDC growth standards, after adjustment for age variation, for each school in the study. ), so we normalized to age using a three-term polynomial fit. All growth outcome variables varied significantly among schools (P < 2 9 10 À16 ; Fig. 3 ; Tables 2 and 3) . To determine whether variation in growth outcomes among schools related to differences in environmental conditions among schools, we performed an ANOVA for growth outcomes by the factors listed in Table 1 . These results, in Table 4 , show that average growth outcomes by school vary significantly by local economy (wage, mixed or agriculture) or setting (urban, peri-urban and rural). These two variables correlate perfectly across schools and so could not be disentangled. To investigate this further, we converted the environmental variables as described in Table 1 and performed a categorical PCA to reduce the environmental variables. PC1 is driven largely by scholastic outcomes, while PC2 is driven by distance to water source and distance to health centre. PC1 correlates significantly with all growth outcomes. Figure 4 shows the relationship between the school environment PC1 and growth outcome PC1. These results indicate that there are environmental differences among schools that plausibly relate to variation in growth outcomes. pair-wise genetic distances, differences in growth outcomes, geographic distances and mean differences in facial shape. Only the matrices of growth outcome and facial shape distances are significantly associated (P < 0.001, Mantel's permutation test, 999 iterations). Genetic differences among schools, as measured by F ST , are shown in Fig. 5a . The differences are very small, averaging 0.00045. As determined by the Mantel's permutation test, genetic distances among schools are uncorrelated with either geographic distance (r 2 = 0.0016, P = 0.51) or differences in growth outcomes (r 2 = 0.0012, P = 0.82; Fig. 5b ). These results strongly suggest the absence of geographically patterned genetic variation among the communities included in the study. Facial shape varies subtly but significantly among schools, as determined by MANOVA considering age, sex and their interactions with school (Table 5 ). These differences in facial shape among schools do not correlate with genetic distance. However, the differences in facial shape do correlate strongly with differences in growth outcomes among communities (R = 0.61, P < 0.001, Mantel test; Fig. 5b ). Subtle differences in facial shape among the children of different communities thus correlate strongly with differences in growth outcomes but not with genetic distance.
Growth faltering and craniofacial shape
We tested the individual-level relationship between growth faltering and craniofacial shape using geometric morphometric analysis of 3D facial shape images. Specifically, we fit a multiple multivariate regression model using the procD.lm function in R (Geomorph; Adams et al. 2014) . Our model considered age, facial size (centroid size), height, faltering (PC1 of z-scores), sex, and the interactions between all variables and age. All effects were significant at P < 0.001 based on the permutation test described by Collyer et al. (2015) ( Table 6 ). These results show that growth faltering, or growth relative to age, independently relates to facial shape.
To determine the specific facial shape effects related to growth faltering, we obtained partial regression scores for each variable from this same linear model (Drake & Klingenberg, 2008) . The facial shape variation that corresponds to each partial regression is shown in Fig. 6a . The full model explains 8.4% of the total variance in facial shape. From this total, 3% is due to age, 2.5% to facial size, 1% to height and 1.4% to growth faltering (growth PC1; Fig. 5c ).
The partial regression scores for age, facial size and growth faltering correlate positively with each other, but negatively with the partial regression scores for stature (Fig. 6d) . This can be seen in the facial shape morphs in Fig. 6a . The implication is that faltering produces variation that falls along both ontogenetic and static allometry, but in opposite directions. Children with faltering have faces that correspond to expected facial shapes of taller and older children (Fig. 7) . 
Environmental vs. genetic variance
We partitioned facial shape variation using GCTA into environmental and additive genetic components. We obtained the environmental variation in facial shape by centring the environmental deviations on the mean landmark configuration. Figure 8a shows morphs of PC1 and PC3 for facial shape based on these data. School accounts for a small but significant amount of variation in the environmental component of facial shape (Table 7) . We then tested the hypothesis that faltering correlates with environmental variation in facial shape at the individual level, by regressing growth PC1 on the environmental residual landmark data. Here, we tested both the individual effects of growth PC1 and also its partial effects when age, height, centroid size and weight are considered (Fig. 8b) . Environmental variation in facial shape correlates significantly with faltering at P < 0.0001 (Procrustes MANOVA with 10 000 random permutations).
To examine the relationship between genetic and environmental covariance structure, we obtained the matrix of correlations among all genetic and environmental PCs (Fig. 9) , as well as the matrix correlation between the environmental and genetic variance-covariance matrices. The matrix correlation is 0.584 (P < 0.001, Mantel's test with 1000 permutations). The first 10 environmental PCs all show some level of correlation with genetic PCs (Table 8) , confirming the positive association of genetic and environmental covariance structure.
To determine the components of environmental facial shape variation affected by growth faltering, we regressed environmental PCs for facial shape on faltering (Table 9) , which showed that PCs 1, 3 and 4 vary significantly with faltering when age and sex are considered. Dividing the sample into four categories based on level of faltering showed that PC3 and PC4, in particular, vary significantly among growth faltering categories (Fig. 8c) . Remarkably, the mean values for these components of environmental facial shape variation in each of the 14 schools correlate very strongly with the mean growth outcomes of the schools for which full genomic and growth data were available. Together, environmental PC3 and PC4 explain about half the variation in growth outcomes among these schools (Fig. 8d) . These results suggest that variation in growth outcomes among schools is predominantly environmental in origin and not due to genetic relatedness of the children in schools. This is consistent with the overall low level of genetic differentiation among schools.
Discussion
This analysis of the relationship between growth faltering and facial shape in Tanzanian schoolchildren reveals a unique and quantifiable axis of facial shape variation that results from environmental rather than genetic variation. The degree of growth faltering varies among schools. Further, schools vary in environmental factors that plausibly relate to variation in growth faltering. We quantified facial shape variation that corresponds to age, facial size, height and faltering, and found that they explain over 8% of the total facial shape variance. The facial shape effects of faltering correlate positively with age (ontogenetic allometry), but negatively with height (static allometry). This means that individuals with growth faltering have facial shapes that correspond to those expected in older, but taller children (Fig. 7) . Specifically, in terms of ontogenetic allometry, faltering dissociates the growth trajectories for stature and facial shape such that individuals with faltering have the expected faces of individuals that are further along the ontogenetic trajectory for facial shape. In terms of static Sex had been removed as an effect prior to the GCTA, so its main effect is expected to be 0. Fig. 9 Visualization of correlations between environmental and genetic principal components (PCs).
allometry, it shifts the expected facial shapes relative to stature downwards. But how does faltering result in a face that resembles those of taller but older children? Previous work in animal models has shown that brain size is less affected by nutritional stress than either somatic or facial growth, altering the ratio of brain to facial size (Gonzalez et al. 2016) . This is evident in human data as well (Baker et al. 2010 ). An individual that has z-scores below 2 standard deviations of growth standards for both stature and HC will have a brain that is 10% larger relative to stature than an individual whose z-score is 2 standard deviations above the mean. The surprising result from our analysis is that growth faltering produces variation in the opposite direction of this overall trend. Our analyses showed that children with faltering have relatively higher, narrower and more prognathic faces. This finding suggests that the developmental trajectories for somatic growth and the face are partially dissociated by growth faltering.
Our present study and results are subject to the limitation that, as birth registration and hospital birth rates are low in Tanzania (16% and 41%, respectively), particularly in the poorest communities, all ages in our sample are self-reported. Errors in self-reported age can be both random and biased. Random variation would decrease the estimate of the facial shape correlated with growth faltering as well as the genetic component of growth relative to age. The heritability of stature in our sample is 0.48 , which is low compared with that estimated from North American or European populations, which range from 0.6 to 0.9 (Mueller, 1976) , but is fairly similar to estimates from other Sub-Saharan African populations (0.58; Roberts et al. 1978) . Increased environmental variance due to variation in growth faltering will reduce heritabilities, but random error in the age estimates will reduce it further. To the extent that there is random variation in age in our sample, this will bias against rejecting the null hypothesis that growth faltering and facial shape are unrelated as it will introduce noise into the analysis, making it more difficult to detect the effect of faltering. Self-reported ages can result in bias if the children in the sample are older or younger than reported, on average. In our sample this would likely bias towards older selfreported age compared with actual age. A study of social determinants of school-attendance in north-western Tanzania document strong social biases that decrease or delay school attendance, such as the need to pay tuition, supply uniforms and materials, and the need for children to perform agricultural and household work (Burke & Beegle, 2004) . Therefore, it is unlikely that many children will be sent to school at an earlier age than required by law. If this bias exists in our sample, it would lead to underestimates of the degree of growth faltering and this would also bias against finding the results we have reported here. The results of our study show that the covariance structures of the environmental deviations and genotypic values are fairly similar. This is consistent with Cheverud's conjecture that genetic and environmental effects tend to produce phenotypic effects via the same developmental processes (Cheverud, 1982) . For example, if genetic and environmental factors both influence the growth of cartilage, then variation in cartilage growth, whether of genetic or environmental origin, might result in a similar pattern of covariation. Our finding that growth faltering acts along the shape trajectories that define both static and ontogenetic allometry, but in the opposite direction, is consistent with this.
This finding also underscores the complex role that size and scaling plays as a determinant of morphological variation. Allometric variation is a frequently reported pattern of morphological variation, but its mechanistic basis is poorly understood. Brain size and chondrocranial growth account for significant proportions of craniofacial shape variation in both humans and mice (Mart ınez-Abad ıas et al. 2012). Brain and chondrocranial size relate allometrically but differently to both body size and facial size in most vertebrates (Strait, 1999; Hallgrimsson et al. 2007; Marcucio et al. 2011; Marug an-Lob on et al. 2016) , and both factors affect craniofacial shape (Boughner et al. 2008; Hallgr ıms-son et al. 2009; Marcucio et al. 2011 ). These scaling relationships predict that taller individuals tend to have smaller brains relative to facial size and stature. Our results point strongly toward variation in the relative growth of the brain and chondrocranium as the mechanistic basis for allometric variation in facial shape. The differential scaling of central mechanisms that drive variation in complex structures such as the craniofacial skeleton is likely to be a general developmental explanation for allometry in complex traits.
Our finding that growth faltering alters the allometric relationship between facial shape and stature has several practical implications. The skeletal remains of past populations are key sources of information about health, including nutritional status (Larsen, 2002) . Surface facial shape from 3D imaging and underlying skeletal morphology are very highly correlated (Young et al. 2016) . Our results suggest that differences in face-stature allometry across time or among related groups may provide evidence for differences related to growth faltering. For population health, our finding that growth faltering affects the facial morphology in a predictable way suggests it is possible to use the facial shape in relation to stature to improve assessment of health status and malnutrition in children when compared with the use of stature alone. Our approach is non-invasive and we have automated phenotypic assessment to allow rapid collection of large datasets (Li et al. 2017) . Individual growth outcomes have complex determinants. The novel dimension of automated facial shape assessment is thus very likely to improve the resolution and reliability of assessment of growth faltering from anthropometric data.
